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Clonidine after renal ischemia to lessen acute renal failure and
microvascular damage. Clonidine, an antihypertensive drug that
inhibits renin release and causes a water diuresis in normal ani-
mals, was tested for its ability to reduce the severity of post-
ischemic acute renal failure produced in rabbits by clamping the
left renal pedicle for 1 hour and removing the opposite kidney.
Clonidine significantly lessened renal failure when given during,
or 1 hour after, the ischemic insult in dehydrated rabbits. It was
also effective when given during the ischemic insult in vasopres-
sin-treated water-drinking rabbits but not in control water-drink-
ing rabbits. In vasopressin-treated rabbits, clonidine lessened
renal failure observed 2 days after the ischemic insult despite the
fact that in the immediate postischemic period it lowered total
renal blood flow, produced hypotension, and did not bring about
lower plasma renin levels. Clonidine treatment resulted in less
outer medullary microvascular damage (demonstrated by col-
loidal carbon staining), higher outer medullary blood flow 1 to 2
hours after unclamping, fewer casts, and higher creatinine clear-
ance and free water clearance/creatinine clearance 4 to 6 hours
after unclamping compared with controls. The effect of clonidine
was unrelated to plasma renin activity. Clonidine did not alter
plasma vasopressin concentration. Demeclocycline and lithium,
two agents that blunt renal responsiveness to vasopressin, had a
beneficial effect in dehydrated animals similar to that of cloni-
dine, but the angiotensin II antagonist saralasin and the angioten-
sin converting enzyme inhibitor SQ2O881 did not. Normal rabbits
given a large dose of vasopressin in oil plus clonidine had signifi-
cantly greater urine output and free water clearance and lower
urine osmolality than did rabbits given vasopressin in oil alone.
These results suggest that clonidine may be beneficial because it
prevents ischemic microvascular injury in the renal outer me-
dulla, an effect that may decrease tubular obstruction by lessen-
ing desquamation of damaged tubular cells or cell constituents
into the tubular lumen. Clonidine may also decrease formation of
obstructive hyaline casts in collecting ducts by blunting the kid-
ney's response to vasopressin and increasing tubular fluid flow
rate.
Clonidine après ischémie rénale: Attenuation de l'insuffisance
rénale aiguë et des lesions microvasculaires. La clonidine, une
drogue antihypertensive qui inhibe la liberation de rénine et dé-
termine une diurèse aqueuse chez les animaux normaux, a été
évaluée pour sa capacité a diminuer Ia sévérité de l'insuffisance
rénale aigue post-ischemique obtenue chez le lapin par clampage
du pédicule renal gauche pendant 1 heure et ablation du rein op-
pose. La clonidine a significativement atténué l'insuffisance ré-
nale quand elle a été administrée pendant, ou I heure après,
l'aggression ischemique chez des lapins deshydrates. Elle a
aussi etC efficace administrée au cours de l'agression ischemique
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chez des lapins ingérant de l'eau et traités par la vasopressine,
mais non chez des lapins contrôles ingCrant de l'eau. Chez les
lapins traités par La vasopressine Ia clonidine dimune
l'insuffisance rénale observée deuxjours après l'agression ischC-
mique malgré le fait que dans Ia pCriode immédiatement post-
ischémique elle diminue Ic debit sanguin renal total, produit une
hypotension et ne provoque pas d'abasissement de la concentra-
tion plasmatique de refine. Le traitement par Ia clonidine a pour
consequence une diminution des lesions microvasculaires de la
médullaire externe (montrée par la coloration au carbone col-
loIdal) et un debit sanguin médullaire externe plus élevé I a 2
heures après Ic declampage, une diminution des cylindres, une
augmentation de Ia clearance de Ia créatinine et du rapport clear-
ance de l'eau libre/clearance de Ia créatinine 4 a 6 heures après le
declampage, par comparaison avec les contrôles. L'effet de Ia
clonidine n'est pas lie a l'activité refine plasmatique. La cloni-
dine ne modifie pas Ia concentration plasmatique de vasopres-
sine. La demeclocycline et le lithium, deux agents qui atténuent
la réponse rénale a Ia vasopressine, ont un effet benefique, chez
les animaux deshydrates, semblable a celui de Ia clonidine, alors
que la saralasine, antagoniste de l'angiotensine II, et l'inhibiteur
de l'enzyme de conversion SQ 20881 sont sans effet. Les lapins
normaux qui recoivent une dose importante de vasopressine
dans de l'huile et de Ia clonidine ont un debit urinaire et une
clearance de l'eau libre significativement supérieurs et une os-
molalitC urinaire inférieure a ceux des lapins qui ne recoivent
que la vasopressine dans de l'huile. Ces résultats suggCrent que
la clonidine peut être benefique du fait de Ia prevention des
léions d'ischémie microvasculaire de Ia médullaire externe du
rein, un effet qui peut diminuer l'obstruction tubulair en at-
ténuant la desquamation des cellules tubulaires lésées ou Ic pas-
sage de constituants cellulaires dans Ia lumière tubulaire. La
clonidine peut aussi diminuer Ia formation de cylindres hyalins
obstructifs dans les canaux collecteurs en atténuant La réponse
du rein a Ia vasopressine et en augmentant Ic debit tubulaire.
In a previous study, we showed that acute renal
failure brought about by removing one kidney and
clamping the other renal pedicle for 1 hour in the
Received for publication August 13, 1979
and in revised form December 10, 1979
0085—2538/80/0018-0309 $02.80
© 1980 by the International Society of Nephrology
310 Solez et al
rabbit produced a type of acute renal failure that is
very similar histologically to the common "hypo-
tensive" type of acute renal failure ("acute tubular
necrosis") in man [1]. Necrosis of tubular epithe-
hum in the cortex was virtually absent in this rabbit
model, although focal necroses were observed in
the outer medulla. In this model, the beta-adrener-
gic-blocking agent propranolol, which inhibits renin
release [2] and also has membrane-stabilizing prop-
erties [3], lessened the severity of acute renal failure
when it was given during or immediately after the
ischemic insult [1]. This beneficial effect was associ-
ated with a significantly higher total renal blood
flow in the first hour after unclamping.
The original purpose of the present study was to
investigate the effect in this model of another drug
that inhibits renin release, the antihypertensive
drug clonidine [4]. In addition to its effect on renin
release, clonidine is an alpha agonist and causes a
water diuresis either through inhibition of vasopres-
sin release [5, 6] or blunting of the kidney's re-
sponse to vasopressin [7, 8]. Dehydration increases
the severity of certain types of acute renal failure,
whereas volume expansion seems to be protective.
Most investigators have assumed that these effects
constituted evidence for the role of the renin-angio-
tensin system in acute renal failure [9—Il]; the pos-
sible involvement of vasopressin has not been wide-
ly explored [12, 13]. As a result of the studies to be
described in this paper, we concluded that the bene-
ficial effect of clonidine in postischemic acute renal
failure in the rabbit may be due, at least in part, to
an interference with the kidney's response to vaso-
pressin.
In this and other studies we have shown that pro-
pranolol, guanethidine, and clonidine all have a
beneficial effect in postischemic acute renal failure
[1, 14]. Because all three of these agents interfere
with sympathetic nerve impulses [15], we have also
performed experiments to see whether sectioning of
sympathetic nerves supplying the kidney lessened
the severity of acute renal failure or altered the ben-
eficial effect of clonidine.
The paper is organized into two sections. The
first section is designed to identify the settings in
which clonidine exerts its beneficial effect and de-
scribes groups of animals in which studies were car-
ried out 2 days after the ischemic insult to the kid-
ney. The second section is designed to investigate
the mechanism of clonidine's beneficial effect in one
particular setting and examines the functional and
morphologic changes within the first 6 hours after
the ischemic insult in vasopressin-pretreated rab-
bits. Emphasis is placed on those differences be-
tween clonidine-treated and untreated animals that
could be demonstrated before there was a dif-
ference in creatinine clearance, for these early dif-
ferences are likely to be the cause rather than the
effect of clonidine's beneficial action on renal func-
tion. Clonidine's effect on postischemic outer med-
ullary microvascular damage and blood flow ap-
pears to precede all other beneficial effects of the
drug.
Methods
Experimental animals. The experiments were
carried out in adult female New Zealand white rab-
bits (Bunnyville Farms) weighing 2.5 to 3.5 kg,
which were housed in air-conditioned quarters and
given free access to Purina Chow and tap water, ex-
cept as indicated below.
Procedure for inducing acute renal failure and
sacrificing animals. Rabbits were anesthetized with
i.v. sodium pentobarbital (50 mg/kg). Under sterile
conditions, the abdomen was opened through a
midline incision. The right kidney was removed.
The left kidney was then separated from the pen-
renal fat, and a small rubber-covered bulldog clamp
was placed on the left renal artery and vein. We
have referred to this maneuver aspedicle clamping.
The ureter was not touched. The clamp was re-
moved from the artery and vein of the left kidney
after 1 hour, and the surgical incision was closed.
The rabbits were killed (usually 2 days later) by i.v.
injection of 1.0 ml of T-61 euthanasia solution1
(National Laboratories Corp., Somerville, New Jer-
sey). Pilot experiments had shown that this com-
pound did not interfere with blood chemical deter-
minations. Sections of the kidney were fixed in buf-
fered 10% formalin and embedded in paraffin for
histologic examination.
Section I: Studies in animals killed at 48 hours
Experimental groups, 48-hour experiments. Four
basic experimental groups were used. These were
then divided into subgroups according to the drug
treatment given after the onset of renal ischemia.
The procedures in these groups and the number of
1This solution, which produces rapid death without an excite-
ment phase, contains 200mg of N-(2-[m-methoxy-phenyl]-2-eth-
yl-butyl-[l])-gamma-hydroxybutyramide, 50 mg of 4,4-methyl-
ene-bis (cyclohexyl-trimethyl-ammonium iodide), 5 mg of tetra-
caine hydrochloride, and 0.6 ml of dimethylformamide per
milliliter.
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Table 1. Serum creatinine and urea nitrogen (UN) 2 days after the ischemic insult in the various experimental subgroups (see Table 2)
Groups
(1) Vehicle only
2) Clonidine (30 pg/kg
i.v.) 30 mm
before unclamping
(3
N
) Clonidine (150 g'kg
i.v. 30 mm
before unclamping
Creat. UN
mg/dl mg/d/N
Creat.
mg/dl
UN
mg/dl N
Creat. UN
mg/dl mg/dI
A. Free access to water; standard operation
(right nephrectomy; left pedicle clamped! hr)
B. No water for 18 hr; standard operation
C. Free access to water; pitressin tannate in oil
(1.0 U/kg s.c.) previous day; standard operation.
D. Free access to water; pitressin tannate in oil
(1.0 U/kg s.c.) previous day; greater and lesser
splanchnic nerves cut; standard operation.
8
8
6
6
5.2 1.1
6.2 1.3
6.3 0.9
6.5 1.2
76 13
97 14
86 9
99 13
8
6
6
6
3.8 0.6 67 15
2.7 02b 40 l4'
2.2 Ø2b 35 4'
2.3 0.5k' 51 14b
6
6
6.6 1.8 79 18
2.4 03b 56 8b
Notperformed
Not performed
Values are the means SEM.
b Value significantly different from that for subgroups Bi, Cl, and Dl (P < 0.05)
Table 2. Serum creatinine and urea nitrogen 2 days after ischemic insult in dehydrated rabbits subjected to right nephrectomy and left
renal pedicle clamping for 1 hour followed by various pharmacologic treatments (see Table 1)
B subgroups
Creatinine
mg/dl
Urea nitrogen
mg/dl
BI. Vehicle only (N = 8) 6.2 1.3 97 14
B4. Clonidine(30g/kgi.v.) 1 hrafterunclamping(N= 12) 3•4 0•6b 65 6
B5. Clonidine (30 jg/kg, constant iv. infusion) from 1 to 2 hours after unclamping (N = 7) 6.1 0.9 108 12
B6. Saralasin (10 g/kg/min) infused for 135 mm starting 15 mm before unclamping (N = 12) 5.0 1.0 119 16
B7. SQ 20881 (10 g/kg/min) infused for 135 mm starting 15 mm before unclamping(N = 10) 5.8 1.0 90 12
B8. Demeclocycline (50 mg/kg) given by gavage immediately after clamping (N = 6) 2.5 0.3'' 54 4"
B9. Lithium carbonate (20 mg/kg i.m.) given immediately after clamping (N = 8) 3.2 04b 64 6
BlO. Indomethacin(S mg/kg s.c.) 3ominbefore clamping, (N 6) 6.3 1.6 104 23
Bi 1. Indomethacin (5mg/kg s.c.) 30 mm before clamping, clonidine (30 zg/kg i.v.)60 mm later (N = 6) 5.3 0.9 95 15
Values are the means SEM.
b Value significantly different from that of subgroup Bl (P < 0.05)
animals in each are briefly outlined in Tables 1 and
2.
Group A consisted of rabbits with free access to
water that underwent the standard operation (right
nephrectomy, left renal pedicle occlusion for I
hour).
Group B consisted of rabbits similar to those in
group A except that drinking water was withheld for
18 hours before surgery (to stimulate the renin-an-
giotensin system and to raise vasopressin levels).
Group C consisted of rabbits with free access to
water in which a long-acting vasopressin prepara-
tion, pitressin tannate in oil, was given s.c. (1.0 UI
kg) on the day before right nephrectomy and left
pedicle clamping was performed. This group was
prepared to assess the role of vasopressin in the ac-
tion of clonidine.
Group D was identical to group C except that the
greater and lesser splanchnic nerves (the principal
sympathetic nerves supplying the kidney) were cut
just before pedicle clamping. A complete cross-sec-
tion of the cut structure was processed for light mi-
croscopy, which in every instance confirmed that it
represented nervous tissue. This group of rabbits
was prepared to assess the role of the renal sympa-
thetic nerves in clonidine's action in vasopressin
treated rabbits.
In each group, subgroup 1 was given a small vol-
ume (0.3 mllkg) of sterile 0.15 M sodium chloride
i.v. 30 mm before the pedicle clamp was removed.
Subgroup 2 was given clonidine solution (30 pg/kg
in sterile 0.15 M saline; 0.3 ml/kg) i.v. 30 mm before
the clamp was removed. In groups A and B there
was a third subgroup, subgroup 3, which was given
a higher dose of clonidine (150 gIkg i.v.) 30 mm
before the clamp was removed. There were eight
additional subgroups in group B, only three of
which received clonidine (Table 2). Subgroups B4
and B5 consisted of rabbits in which clonidine (30
tg/kg i.v.) was given 1 hour after unclamping as a
bolus (B4) or as a constant infusion (0.3 mllkglhr)
for an additional hour (B5), and no i.v. injections
were given during the clamping. In subgroups B6
and B7, the competitive angiotensin II antagonist
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saralasin or the angiotensin converting enzyme in-
hibitor SQ20881, respectively, were infused at 10
jsg/kg/min for 135 mm starting 15 mm before Un-
clamping. (No clonidine was given.) These two
agents have a short plasma haiflife [11] and were
probably effective only during the infusion period.
In subgroups B8 and B9, two agents known to blunt
the kidney's response to vasopressin [16—18], deme-
clocycline (50 mg/kg p.o.) or lithium carbonate (20
mg/kg i.m.), respectively, were given immediately
after placing the clamp on the renal pedicle (to in-
sure that the drugs would be active at the time of
unclamping 1 hour later). In subgroup BlO, the
prostaglandin synthetase inhibitor indomethacin (5
mg/kg s.c.) was given 30 mm before pedicle clamp-
ing (to insure that renal meduflary prostaglandin
synthesis was inhibited before clamping). Subgroup
B 11 was similar to subgroup B 10 except that cloni-
dine (30 pg/kg i.v.) was given 30 mm before Un-
clamping (1 hour after the indomethacin dose). Ob-
viously agents given systemically during the clamp-
ing period did not reach the kidney in significant
amounts until after the clamp was removed.
Creatinine, urea nitrogen, and renin determina-
tions and histologic studies. Blood (3 ml) was taken
from the marginal ear vein before surgery and from
the distal inferior vena cava at sacrifice for mea-
surement of plasma renin activity, serum creati-
nine, and serum urea nitrogen. Serum urea nitrogen
and serum and urine creatinine concentrations were
determined with Pierce Rapid-Stat assay kits
(Pierce, Rockford, Illinois). Rabbits with an initial
serum creatinine of 2 mg/dl or higher were excluded
from the study.
Plasma renin activity was measured in duplicate
by a modification of the method described by Haber
et al [19]. Ten microliters of 0.340 M 8-hydroxy-
quinoline and 2 l of 0.806 M dimercaprol were add-
ed to 1 ml of plasma. The mixture was then split into
two aliquots, one of which was incubated at 37° C
for 3 hours, and the other was incubated at 4° C for
3 hours. Both 10 and 50 jsl of the incubated aliquots
were then assayed in 0.1 M Tris acetate (pH, 7.4), 20
pg of 125I-labeled angiotensin I (Al) and rabbit anti-
Al antibody. Bound AT was separated from free AT
by the addition of dextran-coated charcoal followed
by centrifugation. Bound labeled AT was counted.
Plasma renin activity (ng/ml/hr) was expressed as
the difference between the Al present in the 37° C
and 4° C samples at the end of the 3 hours' in-
cubation.
With the assay, six replicate determinations on a
sample of purified human renin containing 0.0001
Goldblatt units gave a mean value for Al of 4.6
(SD) 0.3 ng/ml/hr when assayed in anephric human
plasma. The limit of sensitivity of this assay was 0.1
ng/ml/hr.
It is appreciated that anesthesia may influence re-
nm levels. For this reason the pentobarbital was
given in a uniform fashion in all animals before sur-
gery, and care was taken to avoid excitement during
induction.
Histologic sections from all animals killed at 48
hours were reviewed for qualitative differences.
Section II: Studies in the first 6 hours afterunclamping
Renal blood flow studies. Blood flow in the left
renal artery was determined with an electromagnet-
ic flowmeter (Narco Biosystems RT400) with a 1.5-
mm flow probe [1]. Two groups of six rabbits each,
treated similarly to the rabbits in subgroups Cl and
C2 (Table 1), were studied. Mean systemic blood
pressure was determined with a pressure transducer
(Narco P-bOO-A) attached to a catheter in the fem-
oral artery. Continuous flow and pressure readings
were carried out until 1 hour after the pedicle clamp
was removed. Blood samples (2 ml) were obtained
for determination of plasma renin activity before
pedicle clamping and 15 and 45 mm after unclamp-
ing.Quantitation of tubular casts in animals sacri-
ficed 6 hours after unclamping. Animals treated
similarly to those in subgroups Cl and C2 (Table 1)
were killed 6 hours after pedicle unclamping, and
histologic sections of the kidneys were prepared.
The number of tubular casts observed in five ran-
dom cortical, outer medullary, and inner medullary
fields at a magnification of x 100 was determined for
each rabbit without knowledge of drug treatments.
Casts were also counted in rabbits sacrificed at 2
hours as described in the next section.
Colloidal carbon histologic studies. Colloidal car-
bon (Pelikan Biological Ink, John Henschel and
Company, New York, New York) was used for
studies of microvascular injury by the technique of
Cotran, Suter, and Majno [20] and studies of intra-
renal blood flow by the technique of Pessina and
Peart [21].
In studies of micro vascular injury [201, filtered
colloidal carbon black (1 mllkg i.v.) was injected im-
mediately after removing the pedicle clamp in
groups of animals treated similarly to those in sub-
groups Cl and C2 (Table 1). Two hours later the
animals were killed. Sections of the kidney taken
through the midportion of the kidney parallel to its
short axis were fixed in formalin for histology. The
number of carbon labeled vessels and tubular casts
observed in five random cortical, outer medullary,
and inner medullary fields at a magnification of X
100 times was determined for each rabbit without
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knowledge of the rabbit's treatment. The presence
of residual carbon in vessels 2 hours after i.v. injec-
tion was used as an indicator of vascular damage
[20].
In the more acute intrarenal blood flow studies,
carbon was used as a blood flow tracer [21]. In ani-
mals prepared similarly to subgroups Cl and C2
(Table 1), colloidal carbon (1 milkg i.v.) was inject-
ed 30 or 60 mm after removal of the pedicle clamp.
The left kidney was removed by cutting across the
pedicle 7 sec after carbon injection. Blood was al-
lowed to drain from the kidney, and a section taken
through its midportion parallel to its short axis was
fixed in formalin. Frozen sections 200-p thick were
cut in a cryostat, dehydrated in 70% ethanol fol-
lowed by 95% ethanol, and cleared overnight in
methyl salicylate. Sections were examined at X40.
The 7-sec interval was used rather than the 5-sec
interval originally described for the rat [21] because
of the longer circulation time in the rabbit and the
fact that the hypotensive response to colloidal car-
bon commenced at 9 sec rather than at 5 sec as de-
scribed in Pessina and Peart's rat experiments [21].
Thirty-six coded slides from the six groups were
ranked by two observers for the following: carbon
in inner cortical glomeruli, carbon in medullary out-
er stripe vessels, carbon in inner stripe vessels, and
carbon in inner medullary vessels (papilla). There
was a strong correlation between rankings by the
two independent observers (r = 0.86, P < 0.001).
Because the 4 to 5 sec period during which the col-
loidal carbon circulates through the kidney by this
method is shorter than medullary circulation time
[22, 23], the amount of carbon present in medullary
vessels is an index of medullary blood flow.
Study of clonidine's effect on renal response to
vasopressin in normal (unoperated) rabbits. Two
groups of six water-drinking rabbits were given pit-
ressin tannate in oil (1.0 U/kg s.c.) and placed in
metabolic cages. At the end of 24 hours, the accu-
mulated urine was collected, and the animals were
anesthetized with sodium pentobarbital and bled for
vasopressin, creatinine, and serum osmolality de-
terminations. One group was then given clonidine
(30 pg/kg, i.v.); the other group received an equiva-
lent volume of saline. (These two groups were simi-
lar to subgroups Cl and C2, except that no surgery
or pedicle clamping was performed.) At the end of
the second 24-hr period, urine and blood samples
were again collected. Urine sodium concentration
was determined using a Beckman flame photome-
ter, and urine and serum osmolality were deter-
mined with an osmometer (Advanced, model 31-
LAS). Urine volumes, urine osmolality, sodium ex-
cretion, osmolar clearance, free water clearance,
and creatinine clearance were calculated by stan-
dard techniques.
Plasma vasopressin, creatinine clearance, os-
molar clearance, free water clearance, and urine
flow rate 0 to 6 hours after unclamping. In five ani-
mals similar to subgroup Cl and six similar to sub-
group C2, femoral artery and bladder catheters
were inserted prior to pedicle clamping for collec-
tion of blood and urine samples. Baseline speci-
mens were obtained, and the bladder was emptied.
Blood samples for plasma vasopressin, creatinine,
and osmolality were obtained before clamping and
1, 3, and 5 hours after unclamping. Ten milliliters of
saline warmed to 37° C was given i.v. after each 10-
ml blood sample (amounting to less than 5% of total
blood volume) was obtained. Urine was collected
from 0 to 2, 2 to 4, and 4 to 6 hours after unclamp-
ing.
Plasma vasopressin concentration was deter-
mined in duplicate on heparinized plasma [25] by
usIng a rabbit antiserum to lysine vasopressin,
which crossreacts totally with arginine vasopressin,
but does not crossreact with oxytocin or vasotocin.
Recoveries following extraction with acetone-ether
were generally greater than 80%. In our hands this
assay had a sensitivity of 2 pg/tube.
Creatinine clearance, osmolar clearance, free wa-
ter clearance, and urine flow rate were determined
by standard techniques. For purposes of data analy-
sis, osmolar clearance and free water clearance
were factored by creatinine clearance to com-
pensate for alterations brought about by differences
in GFR [26].
Statistical treatment. Data were expressed as
means SEM. Student's t test (two-tailed) was used
to evaluate the significance of differences between
means in the experimental groups. Linear correla-
tion coefficients were determined as described by
Dixon and Massey [27]. For ranked data, Spear-
man's rank correlation test [28] was used to estab-
lish correlations, and the Wilcoxon two-sample test
was used to analyze differences between groups
[29].
Results
Section I: Studies in animals killed at 48 hours
Effects of drug treatment on renal function 48
hours after ischemic insult (Tables 1 and 2). In rab-
bits with free access to water, administration of
clonidine (30 g'kg, i.v.), 30 mm before unclamp-
ing, did not lower serum urea nitrogen or creatinine
significantly at 48 hours (subgroup A2 compared
with subgroup Al). A fivefold higher dose of cloni-
dine (subgroup A3) was also ineffective.
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In dehydrated animals (group B, Table 1), both
the low- and high-dose clonidine treatments low-
ered serum creatinine and serum urea nitrogen at 48
hours. Clonidine also lessened the severity of renal
failure when it was given as an i.v. bolus 1 hour
after the termination of the ischemic insult (sub-
group B4, Table 2). Clonidine was ineffective when
it was given as a constant infusion from 1 to 2 hours
after unclamping of the pedicle (subgroup B5), sug-
gesting that a high blood level of the drug is neces-
sary 1 hour after unclamping.
In dehydrated rabbits, saralasin or SQ20881 in-
fused at a rate of 10 sg/kg/min for 135 mm starting
15 mm before unclamping did not alter the severity
of the renal failure produced (subgroups B6 and
B7). In contrast, demeclocycline (50 mg/kg, p.o.)
and lithium carbonate (20 mg/kg, i.m.) (subgroups
B8 and B9) given immediately after pedicle clamp-
ing had beneficial effects similar to that of clonidine.
Pretreatment with indomethacin (5 mg/kg) did not
alter the severity of renal failure (subgroup BlO) but
did eliminate clonidine' s beneficial effect (subgroup
Bli).
In animals with free access to water, pitressin
tannate injected s.c. (1.0 U/kg) on the day before
pedicle clamping did not significantly alter the con-
centration of serum creatinine 48 hours after un-
clamping (subgroup Cl compared with subgroup
Al). In these pitressin-treated rabbits, clonidine
had a marked beneficial effect (subgroup C2).
Sectioning of the splanchnic nerves had no signif-
icant effect on the severity of acute renal failure and
did not interfere with the beneficial effect of cloni-
dine in pitressin-tannate-treated (group D) rabbits.
Plasma renin activity in 48-hr groups. As in our
previous study [1], no significant correlation was
observed in any of the groups between either pre-
operative or postoperative plasma renin activity
and postoperative serum creatinine. The different
pretreatments, however, did have the expected ef-
fects on preoperative plasma renin activities. The
dehydrated groups had significantly higher plasma
renin activities than did the groups with no pre-
treatment (8.2 0.8 ng/mllhr for group B vs. 2.8
0.3 for group A, P < 0.001). The pitressin-tannate-
treated groups (C and D) had normal plasma renin
activities (2.8 0.6 ng/mllhr).
Morphologic changes. The renal morphologic
changes in each animal at 48 hours were reviewed.
The changes were similar to those described in Ref.
1 and, as in that study, those animals with the most
severe functional impairment (serum creatinine
concentrations ranging up to 13.5 mg/dl) had the
most tubular casts and tubular dilatation. (Casts and
other morphologic changes seen at 48 hours are as
likely to be the result of renal functional impairment
as they are the cause.) Loss of individual cortical
tubular epithelial cells and regenerative tubular
changes were common in rabbits with severe renal
failure, but necrosis of entire tubular cross-sections
in the cortex was exceptionally rare, as it is in
"hypotensive" acute renal failure in man [30].
Section 11: Studies in the first 6 hours after unclamping
Quantitation of tubular casts at 2 and 6 hours
(Table 3). At 2 hours after unclamping, there was no
significant difference between the number of tubular
casts in pitressin-tannate-treated rabbits given
clonidine and those given vehicle only. At 6 hours,
after unclamping, however, there were significantly
more outer medullary casts in the vehicle-only
group (P < 0.05). The clonidine-treated rabbits
showed no significant increase in the number of out-
er medullary casts between 2 and 6 hours, whereas
the number of outer medullary casts in the vehicle-
only group did increase (P < 0.05) during this time
interval. There were significantly fewer casts in cor-
tical collecting ducts at 6 hours in the clonidine
group compared with the vehicle-only group (P <
0.05). We have subsequently repeated this experi-
ment [31] with the same result: no difference be-
tween groups at 2 hours, a significant difference at 6
hours.
Total renal blood flow and blood pressure (Fig. I
and Table 4). In vasopressin-pretreated control ani-
mals and vasopressin-pretreated clonidine-treated
animals similar to Groups Cl and C2, clonidine (30
/Lg/kg, i.v., 30 mm before unclamping) caused a
marked drop in mean systemic blood pressure.
Table 3. Number of tubular casts in five x 100 fields at 2 and 6
hours after removal of pedicle clamp in pitressin-tannate-treated
rabbits similar to subgroups Cl and C2
Cortex
Outer
medulla
Inner
medulla
2 hr: Vehicle (N = 7) 81 17 53 4 43 19
2 hr: Clonidine (N 7) 38 12 43 12 33 18
6 hr: Vehicle (N = 6) 166 32
(46 13)
79 8 55 8
(27 14)
6 hr: Clonidine (N = 6) 92 12
(15 4b)
51 7' 33 9
(13 5)
Values are means SEM. The figures in parentheses repre-
sent the number of casts in collecting ducts in the cortex and
inner medulla. Collecting ducts could not always be distinguished
from other tubular segments in the outer medulla.
Significantly different from corresponding value for vehicle-
treated rabbits (P < 0.05)
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Blood pressure gradually rose but remained signifi-
cantly (P < 0.05) depressed for 50 mm after Un-
clamping. Renal blood flow remained significantly
lower than that in the controls for 1 hour after Un-
clamping.
Acute plasma renin changes (Table 4). As ex-
pected, plasma renin activities were higher 15 mm
and 45 mm after unclamping than they were before
clamping. Renin activities, however, were not
lower in the clonidine-treated groups, possibly be-
cause the hypotension induced by clonidine over-
rode the inhibitory effect of this drug on renin re-
lease.
Effect of clonidine on ischemic microvascular in-
jury in the kidney (Table 5 and Figs. 2 and 3). The
colloidal carbon labeling technique [20] revealed
significant microvascular damage in the renal outer
medulla in water-drinking, pitressin tannate-treated
rabbits. The labeling was apparent grossly (Fig. 2a).
Electron microscopy showed carbon in the vasa
Table 4. Plasma renin activity, mean blood pressure, and renal blood flow in the
pitressin-tannate-treated rabbits from which data in Fig. 1 was obtaineda
Before clamping
15Mm
after unclamping
45Mm
after unclamping
Plasma renin activity ng/ml/hr
Vehicle 2.4 0.7 12.9 2.9 17.4 3.4
Clonidine 2.6 0.4 9.4 1.5 22.9 2.5
Mean systemic blood
pressure, mm/Hg
Vehicle 74 3 68 4 65 4
Clonidine 76 4 36 6" 47 6"
Renal blood flow, mi/mm
Vehicle 38 3 34 4 30 2
Clonidine 36 2 18 5b 20 3"
a Values are the means SEM. There were six animals in each group.
Significantly different from corresponding values for controls (P < 0.05)
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Fig. 1. Mean systemic blood pressure and renal blood flow in rabbits pretreated with pitressin tannate in oil (1 U/kg) and then given
cionidine (30 pg/kg) or vehicle iv. 30 mm after clamping.
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Table 5. Number of labeled vessels (indicating microvascular
damage) in five >< 100 fields 2 hours after unclamping of pedicle
and injection of carbon blacka
Cortex Outer medulla Inner medulla
Pitressin tannate
vehicle (N7) 1.9 0.9 54.6 21.7 3.8 3.6
Pitressin tannate and
clonidine(N=7) 3.1 1.2 4.3 l.4' 1.4 0.6
Values are the means SEM.
Significantly different from corresponding group with no
clonidine (P < .05), by nonparametric Wilcoxon's two-sample
test
recta frequently accompanied by platelet aggregates
and by endothelial cell disruption (Fig. 3). Platelet
aggregates were also seen in vasa recta that did not
contain carbon, suggesting that the carbon was not
the cause of the platelet aggregation. Clonidine re-
sulted in significantly less outer medullary carbon
deposition. This was apparent grossly (Fig. 2b) and
also could be demonstrated quantitatively in micro-
scopic sections (Table 5).
Effect of clonidine on intrarenal blood flow pat-
terns in water-drinking, pitressin-tannate-trea ted
rabbits (Table 6). There were no differences be-
tween the clonidine-treated and vehicle-treated
groups at 30 mm after unclamping. At 60 mm after
unclamping, however, the vehicle-treated group
showed significantly more glomerular labeling in the
inner cortex (particularly in the juxtamedullary
glomeruli) and significantly less labeling in the med-
ullary inner stripe and papilla compared with the
clonidine-treated group. This result suggests that
there was an obstruction to vasa recta flow in the
medulla with consequent congestion ofjuxtamedul-
lary glomeruli. (Because the 7-sec interval between
carbon injection and removal of the kidney is longer
than the cortical circulation time is, the amount of
carbon in the cortex cannot be used as an index of
blood flow as it can in the medulla [21-23]).
Clonidine's effect on renal response to vasopres-
sin in normal rabbits (Table 7). In pitressin-tannate-
treated unoperated rabbits, clonidine (30 j.tglkg,
i.v.) resulted in significantly (P < 0.05) higher 24-
hour urine output (157 31 ml in clonidine-treated
group compared with 78 13 ml in the vehicle-
treated group) and significantly (P < 0.05) lower
urine osmolality. Urine output and osmolality for
the day before clonidine injection (that is, the 24-
hour period starting at the time of pitressin tannate
injection) was not significantly different in the two
groups. No significant changes in creatinine clear-
ance or sodium excretion were observed. Osmolar
clearance decreased significantly from day 1 to day
2 in group 1 but not group 2. Nevertheless, osmolar
Fig. 2. A Cut section from a representative kidney from a pitressin-tannate-pretreated animal that was given iv. colloidal carbon
immediately after a 1-hour period of renal pedicle occlusion and was sacrificed 2 hours later. Note the heavy deposition of carbon in the
inner stripe of the outer medulla indicating microvascular damage in this region (x3.0). B Cut section from a representative kidney from
an animal identical to that in Fig. 2A except that clonidine (30 gIkg) rather than vehicle was given 30 mm after placing ofthepedicle
clamp. There is almost no carbon deposition (x3.0).
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Fig. 3. Electron micrograph from a rabbit similar to that in Fig. 2A showing granular carbon deposition in an outer medullary vas rectum
near an area of endothelial discontinuity (arrow). Aggregated platelets are seen in the top half of the vessel. Note the extravasated red
cell at the right lower corner (x 6750).
Table 6. Effect of clonidine on blood flow (carbon deposition) patterns in pitressin-tannate-treated rabbitsa
30 Mm after unclamping 60 Mm after unclamping
PT(N=6) P PT+Cl(N=6) PT(N= 12) P PT+Cl(N=12)
Glomeruli
(inner cortex)
Outer medulla,
outer stripe
Outer medulla,
inner stripe
Inner medulla
10.1 2.4
24.8 3.6
20.5 5.0
20.6 5.6
NS
NS
NS
NS
14.3 4.8
15.3 2.6
14.9 4.3
15.9 4.1
26.0
17.2
14.4
13.8
2.2
3.5
2.8
2.8
<0.05
NS
<0.05
<0.05
17.3 3.0
19.7 2.9
24.7 2.8
23.4 2.7
a Values are the average rank for carbon deposition SEM. Kidneyswere removed 7 sec after carbon injection. Abbreviations are: PT,
pitressin tannate only; PT + Cl, pitressin tannate plus clonidine.
Table 7. Effects of clonidine in normal (unoperated) rabbits given pitressin tannate (1 U/kg i.m.) at the start of day 1 and vehicle (group 1)
or clonidine (30 pg/kg i.v., group 2) at the start of day 2
Dayl Day2
Group 1 Group 2 Group 1 Group2
Urine output,ml/day
Urineosmolality,mOsm/kgH2O
Osmolarclearance,ml/min
Freewaterclearance,ml/min
Creatinineclearance,ml/min
Sodiumexcretion,mEq/day
105
1540
0.41
—0.33
8.8
12.5
21
165
0.04
0.03
1.4
3.7
110
1595
0.40
—0.32
9.1
13.3
23
162
0.06
0.05
2.0
1.8
78
1490
0.26
—0.35
9.2
10.5
13
118
0.03e
0.05
2.1
2.5
157
976
0.30
—0.02
7.9
9.7
3l
175"
0.03
0.03"
1.5
3.5
a Values are means SEM. N = 6 for each group.
Significantly different from corresponding value for vehicle-only group (P < 0.05)
Significantly different from corresponding value for day 1 value for same group (P < 0.05)
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Table 8. Functional data 0 to 6 hours after renal ischemiaa
Oto2 Hour 2to4 Hour
V
4to6 Hour
Ccr V C Ccr V
mi/mm CosmICcr CH2O/Ccr mi/mm mi/mm Coam/Ccr Cu,0ICcr mi/mm mi/mm Cosm/Ccr C0/C. mi/mm
Vehicle (N = 5) 0.829 0.058 —0.043 0.0198 1.3 15 0.023 —0.009 0.0175 0.278 0.068 —0.036 0.0095
Clonidine (N = 6) 1.157 0.058 —0.017 0.0475 1.513 0.041 +0.004 0.0568 1.738 0.034 —0.005 0.0507
P value NS NS NS NS NS NS NS NS <0.05 NS <0.025 <0.05
a Values are means SEM.
clearances were not different in the two groups on
either day 1 or day 2. Free water clearance was
higher in the clonidine-treated group on day 2 com-
pared with the vehicle-treated controls (P < 0.05).
Urine output in six normal rabbits given the stan-
dard dose of sodium pentobarbital was 159 28 ml!
day. Thus, these data suggest that clonidine
blocked the antidiuretic effect of pitressin tannate
and produced a relative water diuresis. The changes
in urine osmolality, urine output, and free water
clearance brought about by clonidine are dis-
proportionate to the small (nonsignificant) decline
in creatinine clearance, but one cannot completely
exclude an influence of decreased GFR on the diu-
retic effect observed.
Effect of clonidine on plasma vasopressin, cre-
atinine clearance, osmolar clearance, free water
clearance, and urine flow rate 0 to 6 hours after re-
nal ischemia (Table 8). Vasopressin levels in control
animals similar to subgroup Cl were 17.7 2.6 pg/
ml before pedicle clamping, 23.0 5.5 one hour af-
ter unclamping, 15.9 5.5 three hours after un-
clamping, and 21.5 8.4 five hours after unclamp-
ing. Corresponding values for clonidine-treated ani-
mals similar to subgroup C2 were 11.4 1.9 (before
clonidine), 14.5 3.7, 20.7 9.0, and 16.4 7.0 pg/
ml. Thus, it appears that clonidine had no effect on
plasma vasopressin concentration.
Creatinine clearance showed considerable varia-
tion from animal to animal. Table 8 shows that
creatinine clearance 4 to 6 hours after unclamping in
the clonidine-treated group was significantly higher
than that of the vehicle-treated group (P < 0.05).
Comparison with Table 7 demonstrates that at this
time period creatinine clearance was approximately
20% of normal in the clonidine-treated group and
3% of normal in the vehicle-treated group. No sig-
nificant differences in creatinine clearance were ob-
served at earlier time periods.
Osmolar clearance factored by creatinine clear-
ance was profoundly reduced compared with nor-
mal in both groups, but no significant differences
between the two groups were observed. The ratio of
free water clearance to creatinine clearance (CH2O/
Ccr) was significantly higher (less negative) in the
clonidine-treated group from 4 to 6 hours after Un-
clamping (P < 0.025). Urine flow rate was signifi-
cantly higher in the clonidine-treated group 4 to 6
hours after unclamping. No significant differences
were observed at earlier time periods. No signifi-
cant differences were observed between the two
groups with respect to urine or plasma osmolality.
Discussion
Several issues warrant discussion: (1) the lack of
evidence for involvement of the renin-angiotensin
system in the beneficial effect of clonidine; (2) the
fact that this drug, in contrast to propranolol, re-
sults in a reduction in severity of renal failure in
spite of initially causing a lower total renal blood
flow after the ischemic insult and producing hypo-
tension; (3) the fact that clonidine has a beneficial
effect even when given 1 hour after the end of the
ischemic insult; (4) the possible involvement of im-
paired renal response to vasopressin in clonidine's
effect; (5) the evidence that clonidine prevents mi-
crovascular injury in the outer medulla and im-
proves postischemic medullary blood flow in pitres-
sin-tannate-treated animals; (6) the lack of evidence
for involvement of the sympathetic nervous system,
and its effect on tubular function, in the beneficial
effect of clonidine; (7) clonidine's effect on CH2OI
Ccr; and (8) the possible participation of increased
prostaglandin synthesis in clonidine's beneficial ef-
fect.
The original reason for carrying out the study de-
scribed in this paper was to extend our previous
study of the beneficial effect of propranolol in acute
renal failure Ill] by investigating other drugs that in-
hibit renin release. It seems likely, however, that
clonidine affects the severity of acute renal failure
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through mechanisms unrelated to the renin-angio-
tensin system. Clonidine's protective effect was in-
dependent of preoperative plasma renin activity.
The beneficial effect of clonidine could not be dupli-
cated by using specific inhibitors of the renin-angio-
tensin system. Finally, the failure of clonidine to
blunt the rise in plasma renin activity following 1
hour of ischemia speaks against inhibition of renin
release as the mechanism of action of this drug in
this setting. We recognize that plasma renin may
not accurately reflect changes in intrarenal renin ac-
tivity, and that therefore one cannot completely ex-
clude the possibility that clonidine's action is re-
lated to alteration of intrarenal renin release.
This study appears to be the first demonstration
that agents that initially decrease renal blood flow
and cause hypotension may be beneficial in acute
renal failure of the "vasomotor" type [32]. Thus,
our data can be added to the data summarized by
Stein, Liftshitz, and Barnes [33], which suggest
that changes in renal cortical blood flow may be rel-
atively unimportant in acute renal failure.
The fact that clonidine has a long half life (for ex-
ample, 13 hours in man [34]) and is effective even
when given 1 hour after removal of the pedicle
clamp suggests that the eventual severity of renal
failure is influenced by events that may occur sever-
al hours after the initial ischemic insult.
Previous studies in the anesthetized dog have
suggested that clonidine acts as a diuretic through
inhibition of vasopressin release [5, 6], possibly due
to the initial hypertensive effect of clonidine ob-
served in that species. The present experiments in
the anesthetized rabbit, in which clonidine has no
hypertensive effect, show that clonidine's diuretic
effect in the rabbit, observed in the present study, is
probably the result of decreased renal responsive-
ness to vasopressin [7, 8] rather than inhibition of
vasopressin release, for it is observed in rabbits
with high plasma levels of vasopressin secondary to
large doses of exogenous vasopressin. We cannot
completely exclude the possibility that the hypoten-
sion and mild (nonsignificant) decrease in GFR
brought about by cionidine (Table 7) may have con-
tributed to the abnormality in water handling ob-
served in the normal rabbit after clonidine adminis-
tration. Because two other agents that blunt renal
responsiveness to vasopressin—demeclocycline and
lithium carbonate— have a beneficial action in acute
renal failure similar to that of clonidine, it seems
likely that clonidine's effect on acute renal fail-
ure is related to its effect on renal responsive-
ness to vasopressin. The possibility that clonidine
was effective in dehydrated or vasopressin-treated
rabbits because the drug is concentrated in the kid-
ney under antidiuretic conditions is made unlikely
by the fact that increasing the dose fivefold in rab-
bits with free access to water (subgroup A3) did not
make the drug effective. The slight (nonsignificant)
lowering of creatinine in group A2 may be a reflec-
tion of the fact that despite free access to water,
plasma vasopressin at the time of renal ischemia
may have been somewhat elevated due to anes-
thesia and surgical stress [35, 36].
To our knowledge, there has been no previous
demonstration that agents that inhibit renal respon-
siveness to vasopressin are beneficial in acute renal
failure. Wilson et al were able to produce severe
glycerol-induced acute renal failure in diabetes in-
sipidus rats [37]. Hofbauer et al [12], using anti-
vasopressin antiserum, suggested that the systemic
vasoconstriction that follows i.m. glycerol injection
in dehydrated rats is mediated by vasopressin, but
they were unable to show that vasopressin contrib-
uted to the renal failure that occurred in these rats.
These observations are consistent with our obser-
vation in glycerol-induced acute renal failure [38]
that serum creatinine 48 hours after glycerol injec-
tion in rabbits given clonidine (30 sg/kg i.v.) at the
time of glycerol injection or 1 hour after glycerol
injection was not significantly different from that in
animals given glycerol alone (4.2 0.9, N = 8; 5.2
1.2, N = 10; and 5.0 0.8;N = 21;respectively)
(Solez, unpublished). This suggests that the glyce-
rol and pedicle-clamping models of acute renal fail-
ure have a different pathophysiology, a fact pre-
viously suggested by micropuncture studies [33].
Although Owen et al [13] were able to demonstrate
an increase in the severity of unilateral ischemic
acute renal failure after pitressin treatment, pitres-
sin tannate treatment failed to significantly increase
the serum creatinine at 48 hours in the present study
(subgroup Cl compared with subgroup Al). There
are two possible explanations for this result. First,
it is possible that hemodilution in the volume-ex-
panded pitressin-tannate-treated group lowered the
serum creatinine in this group and that more accu-
rate measures of renal function (such as creatinine
clearance) and larger experimental groups would
have shown an increase in the severity of acute re-
nal failure in the vasopressin-treated group. Second,
it is possible that vasopressin may exert both ex-
acerbating and beneficial effects in the pedicle-
clamping model and that clonidine, demeclocycline,
and lithium carbonate interfere only with the ex-
acerbating effects. Vasopressin inhibits renin re-
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lease [39] and stimulates prostaglandin synthesis
[401, and these effects would not be reversed by
clonidine because clonidine itself has the same ef-
fects [4, 7]. Demeclocycline and lithium carbonate
interfere with vasopressin's effect on the renal tu-
bule, but it is not known whether they interfere with
the vasoconstrictor effects of vasopressin.
There are several ways in which vasopressin may
participate in the events leading to renal functional
failure in acute renal insufficiency. Vasopressin's
tubular effects lead to the production of a more con-
centrated tubular fluid from the cortical collecting
tubule to the ducts of Bellini, increasing the likeli-
hood that Tamm-Horsfall protein and cellular de-
bris will settle out of the tubular fluid and form oc-
clusive casts. Arendshorst, Finn, and Gottschalk
[41] and Tanner and Steinhausen [42] have con-
vincingly demonstrated increased intratubular pres-
sure presumably due to obstruction early in the
course of the pedicle-clamping model of acute renal
failure in the rat. Although these studies have tend-
ed to emphasize proximal tubule pressure eleva-
tions, markedly elevated distal tubule pressures
have also been observed, suggesting an important
element of distal tubule obstruction [411. In the
present study, we have demonstrated a significant
difference in the number of outer medullary and
cortical collecting duct casts between the clonidine
and vehicle-treated groups at 6 hours after unclamp-
ing, at which time there also is a significant dif-
ference in creatinine clearance in the two groups.
Oken, Arce, and Wilson [43] have demonstrated
that granular casts formed from necrotic tubular
epithelium, which are present in abundance in many
animal models of acute renal failure, can be easily
dislodged and are thus unlikely to cause obstruc-
tion, but this has not been demonstrated to be the
case for hyaline casts formed from insoluble Tamm-
Horsfall protein in the tubular fluid. The number of
tubular casts does not correlate well with the pres-
ence of renal insufficiency in human acute renal fail-
ure [301, but this does not exclude the possibility
that tubular obstruction may play a role in the initia-
tion phase rather than the maintenance phase of
acute renal failure in man.
Vasopressin does have direct vascular effects,
but further work is needed to determine whether
the endothelial damage observed in the microvas-
culature of the outer medulla in the present study
is mediated by vasopressin. Although vasopressin
does increase water permeability of the cortical
and outer medullary collecting duct [44], vaso-
pressin's effect on water reabsorption affects most
strongly the composition of the tubular fluid in the
inner medulla. Because there were significant dif-
ferences between the clonidine-treated rabbits and
untreated rabbits with respect to outer medullary
and cortical casts but not inner medullary casts, it is
possible that clonidine's effect on cast formation is
the result of its protection against outer medullary
microvascular damage and resulting tubular dys-
function rather than its direct action on collecting
duct permeability.
The "no-reflow" phenomenon in the renal cortex
has been largely abandoned as an explanation for
the renal failure that follows temporary renal ped-
ide clamping because cortical reflow returns within
30 mm after unclamping [451. Frega and Leaf have
shown, however, that perfusion abnormalities per-
sist in the outer medulla [45]. The present study
suggests that in the pitressin-tannate-treated rabbit,
clonidine prevents perfusion abnormalities and mi-
crovascular damage in the outer medulla (Table 5)
and improves medullary blood flow 1 hour after un-
clamping (Table 6). The mechanism of this effect re-
mains obscure, hut because it precedes by several
hours the significant effect of clonidine on creati-
nine clearance, it may provide a clue to the primary
protective action of clonidine. Norlen et al [46] re-
cently have suggested that impairment of the med-
ullary circulation is an important factor in the early
phases of ischemic acute renal failure in the trans-
planted rat kidney. An increase in medullary blood
flow has been demonstrated in established mercu-
ric-chloride-induced acute renal failure in the rat
[231.
In the present study, we were unable to confirm
that the sympathetic nervous system played a role
either in the pathophysiology of acute renal failure
or in clonidine's effect on the severity of acute renal
failure. Splanchnic nerve section, confirmed by his-
tologic examination, did not alter the severity of
acute renal failure and did not interfere with cloni-
dine's beneficial effect. The protective effect of
chronic sympathectomy reported by others [47, 48]
may be the consequence not of the sympathectomy
itself but of secondary changes in tubular function
[49] that rendered the kidney less vulnerable to
damage. The acute sympathectomy performed in
the present experiments may have rendered the re-
nal vasculature hyperresponsive to circulating cate-
cholomines, however, and this may account for the
absence of a protective effect.
Osmolar clearance tends to decrease, and free
water clearance tends to rise as glomerular filtration
declines in parenchymal renal disease, including
"acute tubular necrosis" [26]. Factoring osmolar
clearance and free water clearance by creatinine
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clearance allows one to compensate for this effect.
When it is done (Table 8), it becomes clear that
clonidine raises free water clearance (probably by
blunting vasopressin responsiveness) 4 to 6 hours
after unclamping.
Clonidine increases prostaglandin synthesis [7,
50]. In the isolated perfused rabbit kidney, inhibi-
tion of prostaglandin synthesis blocks clonidine's
diuretic effect [50]. Treatment with indomethacin,
an inhibitor of prostaglandin synthetase, abolished
clonidine's beneficial effect in the present study
(Table 2). Stimulation of intrarenal prostaglandin E2
or prostacyclin synthesis would be expected to re-
produce many of the effects of clonidine observed
in this study, including impaired vasopressin re-
sponsiveness, improved medullary blood flow, and
lessening of platelet aggregation (Fig. 3) in small
vessels [51—53]. It has recently been suggested,
however, that a vasoconstricting renal prostaglan-
din, thromboxane A2, may increase renal injury in
the ischemically-damaged isolated perfused kidney
[54]. Morrison, Nishikawa, and Needleman have
shown that ureteral obstruction greatly increases
the kidney's production of thromboxane A2 [55]. It
is possible that the intrarenal tubular obstruction
that occurs in postischemic acute renal failure [31]
has a similar effect. Recently, we have shown that
the thromboxane synthetase inhibitor 1-benzyl
imidazole has a protective effect in postischemic
acute renal failure [56]. Clearly the role of prosta-
glandins in ischemic acute renal failure deserves
further exploration.
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